Abstract At the Bear Brook Watershed in Maine (BBWM), the forest tree composition was characterized and the effects of the chronic ammonium sulfate ((NH 4 ) 2 SO 4 ) treatment on basal area growth, foliar chemistry, and gas exchange were investigated on forest species. The BBWM is a paired watershed forest ecosystem study with one watershed, West Bear (WB), treated since 1989 with 26.6 kg N ha −1 year −1 and 30 kg S ha 7 years of treatment, it was significantly higher for sugar maple growing in WB compared to EB, but no differences were observed for red spruce between watersheds. However, the initial higher sugar maple basal area growth in WB subsequently decreased after 8 years of treatment. Foliar chemical analysis performed in trees, saplings, and ground flora showed higher N concentrations in the treated WB compared to the reference EB. But, foliar cation concentrations, especially Ca and Mg, were significantly lower for most of the species growing in WB compared with those growing in EB. For sugar maple, foliar N was higher on WB, but there were no differences in foliar Ca and Mg concentrations between treated and reference watersheds. In addition, only sugar maple trees in the treated WB showed significantly higher photosynthetic rates compared to reference EB trees.
Introduction
Elevated nitrogen (N) and sulfur (S) deposition effects on forest growth remain a focus of interest because of incomplete understanding of how forest growth responds to N-and S-induced This article is a U.S. government work, and is not subject to copyright in the United States.
changes in nutrient availability. Atmospheric N and S deposition to forest ecosystems increased during the twentieth century due to human activities (Aber et al. 1991; Dise and Wright 1995; Reynolds et al. 1998; Tietema and Beier 1995) . Recently, atmospheric N deposition has stabilized or increased slightly in the US while S deposition has decreased in most regions (Fenn et al. 2003; Lehmann et al. 2005; NADP 2002 NADP -2006 .
Elevated atmospheric N deposition results in increased soil N availability, and in N-limited ecosystems, increased plant N uptake (Aber et al. 1989 (Aber et al. , 1998 Driscoll et al. 2001; Weber and Wiersma 1997; White et al. 1999) , yielding higher foliar N concentrations (Bertills and Näsholm 2000; Elvir et al. 2005 Elvir et al. , 2006 Magill et al. 1997 ) and increased forest growth (Elvir et al. 2003; Lloyd 1999; Magill et al. 1997; Spiecker et al. 1996) . However, increased N deposition may have indirect negative impacts on forest growth (Bertills and Näsholm 2000; Oren et al. 1993) . For example, forests under elevated N and S deposition might experience nutrient imbalances and growth decline due to changes in soil chemistry (Aber et al. 1989; Buchmann et al. 1995; DeHayes et al. 1999; Johnson et al. 1994; Oren et al. 1993; Vitousek et al. 1997) . As N accumulates in the soil, ecosystem N retention capacity can be surpassed, resulting in increased leaching of NO − 3 and base cations , and subsequently, reducing their availability for plant uptake. Also, as soil acidifies during base cation depletion, aluminum (Al) is mobilized and may be absorbed at toxic levels by passive root uptake (McNulty et al. 1996; Shortle and Smith 1988) . Aluminum can also displace base cations from the soil rooting zone, reducing the uptake of major nutrients, furthering plant nutrient deficiencies (Cronan 1989) .
The long-term ammonium sulfate ((NH 4 ) 2 SO 4 ) addition experiment at the Bear Brook Watershed in Maine (BBWM) provides a unique opportunity to study changes in forests due to enhanced N and S deposition. The BBWM has two contiguous watersheds, West Bear (WB) and East Bear (EB), which initially were similar in chemistry, biology, physical attributes, and hydrology . Ambient deposition at the beginning of the experiment (1989) for N and 14.4 kg ha −1 year −1 for S Norton et al. 1999; Wang and Fernandez 1999) . The N+S addition treatment persists on bimonthly (NH 4 ) 2 SO 4 amendments to WB since 1989 of 26.6 kg N ha −1 year −1 and 30 kg S ha −1 year −1 ). Hydrologic and chemical monitoring during two pretreatment years and the first 6 years of treatment (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) indicated that ((NH 4 ) 2 SO 4 ) addition produced significant changes in stream water chemistry with elevated export of base cations, lower pH and alkalinity, and increased dissolved aluminum (Al), SO 4 , and NO − 3 Uddameri et al. 1995) . After 7 years of treatment, export of base cations declined and dissolved and particulate Al, phosphorous (P), and iron (Fe) increased. Retention of added N in WB has been ∼80% (Jefts et al. 2004; Kahl et al. 1999) . Fernandez et al. (1999 Fernandez et al. ( , 2003 indicated that the treatment induced the depletion of base cations (Ca, Mg, and K) from soil exchangeable pools in the WB watershed. The treated WB watershed developed higher rates of net N mineralization and net nitrification, consistent with the symptoms of N saturation (Jefts et al. 2004 ).
This study is part of the ongoing long-term research evaluating the effects of increased N and S deposition on the geochemistry and biology of the treated watershed. This chapter reviews studies addressing the effects of the treatment on the forest vegetation, including growth, mortality, and foliar chemistry, and provides new data after 18 years of treatment of the WB watershed. This chapter summarizes and discusses the results for the overstory (Elvir et al. 2003 (Elvir et al. , 2005 (Elvir et al. , 2006 , ground flora (Kenlan 2006) , and sugar maple sapling physiology (Bethers 2008; Bethers et al. 2009 ).
Study site
The BBWM site is in eastern Maine, USA (44
• 52 15 latitude, 68
• 06 25 longitude) and includes two contiguous forested watersheds, West Bear (WB; 10.77 ha) and East Bear (EB; 11.42 ha). The hydrology, soils, vegetation, topography, relief, aspect, and exposure are similar From Wang (1993) in both watersheds (Uddameri et al. 1995) . Red spruce (Picea rubens Sarg.), American beech (Fagus grandifolia Ehrh.), sugar maple (Acer saccharum Marsh.), red maple (Acer rubrum L.), and yellow birch (Betula alleghaniensis Britt.) comprise up to 98% of the live trees distributed into three cover types: hardwood, softwood, and mixed wood. These cover types occur in both watersheds (Table 1) . The hardwood and mixed wood stands are secondary forests since they underwent a major logging around 1945 (Champion International Corporation records cited in Norton et al. 1999 ). The softwood is mostly even-aged red spruce >100 years old (Elvir et al. 2003) , which occurs primarily in the upper third of each watershed.
Methods

Forest monitoring plots
In 2000, 100 permanent vegetation plots were established at the BBWM. Their location was based on an existing south-north east-west grid system with benchmarks located every 30 m (Fig. 1) . Using the grid, 50 grid points were randomly selected in each watershed, proportionally distributed per area of each cover type (33 plots hardwood, 36 plots mixed wood, and 31 plots softwood). A 15-m by 15-m plot (225 m 2 ) was established with each grid point at the plot center.
The diameter of all trees ≥12 cm was measured at diameter at breast height (DBH, 1.3 m above the ground line on the uphill side of the tree) within each plot in 2000. A mark was painted at 1.3 m to maintain the DBH measure at the same height in consecutive years. Trees were marked with the plot identification and a consecutive number on an aluminum tag nailed to the stem. The plots were revisited and trees were remeasured in 2002, 2003, 2006, and 2008 . At each new measurement, mortality and ingrowth were recorded. For each year, we calculated mean species DBH, density, mortality, and ingrowth per hectare.
Basal area increment growth
In 2000, basal area increment (BAI) was estimated by extracting cores from red spruce and sugar maple on both the treated WB and the reference EB watersheds (Elvir et al. 2003) . Within each watershed, sample trees were restricted to dominants or codominants with a single stem and with an overall healthy appearance to reduce variability associated with factors other than the treatment. From the subset of suitable trees, 25 sugar maple and 25 red spruce trees were randomly selected. A 4.30-mm diameter increment borer was used to extract two cores from opposite sides of each selected tree on the cross slope at a height of approximately 1.3 m above the ground (Andrews and Siccama 1995; Bondietti et al. 1990; Peterson et al. 1990 ).
Individual annual ring widths for tree cores were counted and measured using an Olympus™ SZ-STB1 microscope and a Velmex measuring stage connected to a computer. A Measure J2X Tree Ring Measuring program was used. Crossdating was done for the last 26 years following the methodology of Glock (1937) . Cores were discarded if the annual rings were indistinct or if temporal patterns of ring width did not show reasonable agreement between cores. Consequently, cores from eight sugar maple trees (three trees from the treated WB and five trees from the reference EB) were discarded. No red spruce cores Fig. 1 The BBWM, cover types, grid system, and permanent plots (small squares). West Bear Brook (WB) with ((NH 4 ) 2 SO 4 ) addition treatment and East Bear Brook (EB) the reference were discarded. Ring widths for the two cores of the same tree were averaged by year. Cumulative BAI per year was calculated from the average of the two cores extracted from each tree. Mean yearly BAI from 1980 to 1999 for each species was compared between watersheds using a oneway analysis of variance (ANOVA; SAS 1999). ANOVA assumptions were tested using the UNI-VARIATE Procedure (SAS 1999) for normal distribution of residuals and Levine's test for equality of variances.
In 2006, with 16 years of N+S addition treatment and 6 years after the initial tree coring in 2000, cores were extracted again from the same 25 trees per species in each watershed. The same methodology as in 2000 was applied.
Foliar tree chemistry
The three most dominant tree species at the BBWM (American beech, sugar maple, and red spruce) were sampled for foliar chemical analysis in 1993 (White et al. 1999 ), 1998 , and 2002 (Elvir et al. 2005 . In all years, dominant or codominant healthy trees of each species were randomly selected in each watershed. Details on those collections and laboratory analyses are in White et al. (1999) and Elvir et al. (2005) . Number of trees sampled per species and time of sample collection varied among collection periods. In 1993, White et al. (1999) Elvir et al. (2005) collected foliage samples from nine trees of each species in each watershed during the last week of July and first week of August for sugar maple, in mid-August for American beech, and during the first week of September for red spruce. Sampled trees were different in each time period (1993, (1998) (1999) (2000) (2002) (2003) . In 2006, foliage samples were collected from the same nine trees per species sampled in 2002 and 2003, plus six more trees per species for a total of 15 trees per species in each watershed. Sample collection procedures followed Elvir et al. (2005) . For all time periods, foliage samples were collected from the south side of the upper crown of selected trees. Unwashed foliage samples were oven dried to a constant mass at 70
• C. Chemical analyses were performed by the Analytical Laboratory of the Maine Agricultural and Forest Experiment Station at The University of Maine. Total N was determined by combustion analysis or the Dumas method (Simonne et al. 1997) . Other nutrient concentrations were determined by inductively coupled plasma atomic emission spectroscopy (Thermo Jarrell Ash model 975 ICP-OES).
Physiology
Photosynthetic and transpiration rates were measured in sugar maple, American beech, and red spruce trees in the 2002 and 2003 growing seasons (end of July and August in both years). As described by Elvir et al. (2005) , gas-exchange measurements were made (between 8:00 a.m. and noon) on days that were sunny and relatively cloud-free for nine trees per species randomly selected in each watershed. Net photosynthetic and transpiration rates were measured with a LI-6400 Photosynthesis System (LI-COR 1998), equipped with a standard 6-cm 2 leaf cuvette (set for air flow at 500 mmol s −1 and leaf temperature at 25
• C) and a model 6400-02B light source (set at 2,000 mmol m −2 s −1 ; LI-COR 1998). Measurements were made on fully expanded current-year needles of red spruce shoots and individual leaves of American beech and sugar maple from six randomly selected branches excised from the south side and upper crown. Leaves and current-year needles were also collected and pooled from the six selected branches per tree for nutrient chemical analysis. Samples were dried and analyzed by the same methods used for foliage chemistry.
Ground flora
In 2005, 101 plots, 53 located in EB and 48 in WB, were randomly selected using the grid intersections and proportionally distributed within each of three forest cover type. Each plot consisted of a 2-m by 2-m square divided into four 1-m 2 subplots ( Fig. 2 ; Kenlan 2006 ). All plants shorter than 0.6 m in the northwest and southeast subplots were identified (for abundance and richness) and cover was estimated to the nearest 5%. In the northeastern subplot, all plants shorter than Two abundant species of ground flora were selected for chemical analysis-A. saccharum and Uvularia sessilifolia. Foliage samples were collected from individuals in 25 plots randomly selected from the 101 forest floor plots in each watershed. Forest floor foliage was collected, processed, and analyzed by the same methods as for tree foliage.
Sugar maple saplings
As described in Bethers et al. (2009) , sugar maple saplings in the treated (WB) and reference (EB) watersheds were compared for growth, foliar chemistry, and photosynthetic capacity. Sugar maple saplings were defined as individuals between 2 and 4 m in height and between 0.5 and 2.5 cm DBH (Bethers 2008) . Sugar maple saplings were measured for basal diameter (at 10 cm above ground level) and canopy cover in 84 plots, 15 m × 15 m (225 m 2 ), distributed across both watersheds. Foliage was collected in the second week of August 2006 from saplings that were growing in 50% to full sunlight from EB (36 saplings) and WB (37 saplings) for foliar chemical analyses. Unwashed foliage was analyzed by the Analytical Laboratory of the Maine Agricultural and Forest Experiment Station at the University of Maine as previously described.
Photosynthesis was measured at the leaf level in the upper crowns in a 3-week period in late July and early August on 15 saplings per watershed that occurred in small gaps where canopy openness was between 12% and 25% (Bethers et al. 2009 ). Using a LI-6400 gas-exchange chamber system (LI-COR 1998), capacity was measured by varying CO 2 concentrations in the chamber from ambient to near zero and ambient to complete saturation, producing what is known as an A-C i curve (Farquhar et al. 1980) . A-C i curves provide estimates of photosynthetic parameters such as maximum carboxylation capacity (Vc max ), maximum electron transport (J max ), and triose phosphate utilization (TPU). Within the leaf chamber, leaves were exposed to a saturating irradiance of 1,200 μmol m −2 s −1 , VPD was kept above −1.5 MPa, and leaf temperature at 20-26
• C. Eleven moist leaves per sapling were collected from the saplings and their leaf area was measured using an LI-3100 (LI-COR 1998); leaves were then dried and weighed to calculate leaf mass per area (LMA; in grams per square meter).
Results
Forest monitoring plots
Of the nine species found at BBWM, five (American beech, red spruce, sugar maple, red maple, and yellow birch) represented ∼98% and ∼97% of the total density in EB and WB, respectively. Other species included balsam fir (Abies balsamea (L.) Mill.), red oak (Quercus rubra L.), striped maple (Acer pensylvanicum L.), and black cherry (Prunus serotina Ehrh.; Table 2 ). Red spruce was the most abundant species (accounting for 37% of the density in EB and 33% in WB) followed by American beech and sugar maple (Table 2) . American beech stands were infected with bark disease. The disease results when bark, attacked and altered by the beech scale, Cryptococcus fagisuga Lind., is invaded and killed by fungi, primarily Nectria coccinea (Houston et al. 1979 Diameter growth increased in both watersheds for all species (Table 5 ). In 2000, mean diameter was 20.8 cm in both watersheds; by 2008, mean diameters were 22.1 and 22.6 cm representing 6% and 9% increase in EB and WB, respectively. Although overall tree DBH growth increase was higher in WB, differences between watersheds were not significant. Average DBH growth was offset by tree mortality; for some species, a decline in average diameter was recorded in some years. Elvir et al. (2003) . The mean annual BAI for the last 26 years followed the same trend in the reference EB and the treated WB watersheds (Fig. 3) .
The average annual BAI for sugar maple for the [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] for WB. Elvir et al. (2003) and this study indicate significant annual differences in BAI between watersheds since the treatment began (1989) until 1997, with higher BAI in trees in the treated WB. The higher growth in WB trees declined after 1997, and from 1999 to 2005, BAI growth was similar in both watersheds (Fig. 4) .
Foliar chemistry
Foliar N concentrations were significantly higher in the treated WB than in the reference EB for all tree species, except in 1998, 1999, and 2000 when concentrations between watersheds were similar for red spruce (Tables 6, 7 , and 8). Among species, in EB for red spruce, −13% in WB and −23% in EB for American beech, and −21% in WB and −25% in EB for sugar maple. However, Mg concentrations declined from 1993 to 2006 only in American beech (−26% in WB) and sugar maple (−48% in WB and −45% in EB).
Physiology
Many studies provide consistent reports of the effects of foliar Ca and Mg on physiological processes (Dreyer et al. 1994; Laing et al. 2000; Mclaughlin et al. 1990; Mehne-Jakobs 1995 , 1996 Oren et al. 1993; Weikert et al. 1989) . At the BBWM, Elvir et al. (2006) reported that only sugar maple in WB had higher photosynthetic rates than trees in the reference watershed and showed a significant positive correlation between photosynthetic rates and foliar N concentration (Table 9) . Photosynthetic rates were similar between watersheds for red spruce and American beech. Elvir et al. (2006) suggested that the lack of response in photosynthesis to higher foliar N in American beech and red spruce might be due to Ca and/or Mg limitations, as indicated by their lower concentrations in the foliage of treated trees. Reported photosynthetic rates range from 5 to 9 μmol/m 2 /s for mature sugar maple (Amthor et al. 1990; Clair and Lynch 2005) , 6 to 9 μmol/m 2 /s for mature American beech (Amthor et al. 1990 ), 7.64 μmol/m 2 /s for ≥53 years old red spruce (Ward 2001 ), values consistent with results reported for these species at the BBWM.
Ground flora Kenlan (2006) found 26 plant species within forest floor plots on EB and WB combined. Of these, 25 species occurred in EB and 20 in WB. Seven species (Fragaria virginiana, Cypripedium spp., Viola spp., Medeola virginiana, Cornus canadensis, Pinus strobus, and Lycopodium spp.) occurred only in EB, and two species (Polygonum convolvulus and Vaccinium spp.) occurred only in WB (Table 10 ). The total aboveground biomass was similar between watersheds for mixed woods and hardwoods and their combination (Table 11) . Kenlan (2006) showed that foliar nutrient concentrations were significantly different between watersheds for only one of the two species studied: A. saccharum and U. sessilifolia. For A. saccharum seedlings, foliar N was higher and foliar Ca was lower in WB than EB (Table 12 ).
Sugar maple saplings Bethers et al. (2009) showed that sugar maple sapling density was not significantly different between WB and EB, most likely due to high withinwatershed variability for this species (Table 13) . Sapling height, DBH, and basal diameter were similar across watersheds. Positive correlations between height and DBH were strong in both watersheds (R 2 = 0.63, p < 0.001). Bethers et al. (2009) also reported similar canopy openness of 17.9% and 18.6% in EB and WB, respectively (Table 13) . Photographs, taken above the leader of each sapling, also showed similar light environments for saplings across treatments with 12.3% and 12.0% openness in EB and WB, respectively. No significant correlation was found Untreated n = 36; ((NH 4 ) 2 SO 4 )-treated n = 37. C and N are percent by mass, other nutrients are in parts per million SE standard error at the BBWM *Significance between watersheds at the 0.05 level a Based on log transformation of the data tent with previously presented tree and seedling foliar chemistry, foliar N concentrations of sugar maple saplings were significantly higher in WB than in EB. In contrast, foliar Ca concentrations were higher in EB than in WB. Similar to the results found for sugar maple seedlings, sugar maple sapling foliar K and P concentrations were significantly higher in WB than foliar sapling concentrations in EB (Table 14) . Foliar Al and Fe concentrations were also significantly higher in WB than EB. Bethers et al. (2009) showed that sugar maple saplings growing in the treated WB watershed had highly variable net photosynthesis (A) as intercellular CO 2 (C i ) increased, while sugar maple saplings growing in the reference EB watershed had much less variability along the A-C i curve (Fig. 5) . Also, photosynthetic capacity, Vc max , J max , TPU, respiration, and leaf temperature were ssssslower in saplings growing in WB than those in EB (Table 15 ). Higher sapling leaf temperature in EB was positively correlated with Vc max (R 2 = 0.503, p = 0.0001) and more weakly correlated with J max (R 2 = 0.189, p = 0.015) and TPU (R 2 = 0.155, p = 0.026; Bethers et al. 2009 ).
Discussion
The results of this study on the effects of simulated acid deposition on the forest at the WB show that, overall, the treatment has not affected stand dynamics and stand growth at the watershed level. Tree density, mortality, and DBH growth from standard survey measurements at the BBWM are not different between the treated WB watershed and the reference EB watershed. The forest structure and tree species richness are similar between watersheds. Tree data for 2000-2008 showed a decline in density in both watersheds, which is characteristic of the successional stage of this forest. As forests get older and trees grow larger, density tends to drop due to the mortality of suppressed trees. Repeated DBH measurements of the same trees over a 9-year period indicated that forest growth was not significantly affected by the treatment compared to reference trees. Kenlan (2006) showed that forest floor species diversity and aboveground biomass were similar between watersheds. Bethers et al. (2009) also showed no differences between watersheds in density, biomass, canopy openness, DBH, and height in sugar maple seedlings. Saplings studied by Bethers et al. (2009) were mostly 17-19 years old, indicating that their life span was within the treatment period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . The results suggest that the treatment at the stand level has not affected the ability of sugar maple to regenerate and grow since treatments started.
There is no evidence that the treatment has affected forest growth or biomass accumulation at the watershed level. Studies have suggested that N deposition might induce changes in tree species composition, but those changes may only appear after longer periods of chronic exposure than the 12 years of this study. At the BBWM, effects of the treatment on species density or species richness might appear after a longer time of treatment.
Evidence shows that the treatment has undoubtedly induced foliar chemistry changes at the BBWM. Foliar N concentrations have remained significantly higher in seedlings, saplings, and trees on the treated watershed for all species. Foliar N concentrations increased in WB since the early years of the treatment. Weber and Wiersma (1997) showed that N concentrations were significantly higher in two moss species (Dicranum fulvum and Bazzania trilobata) after 3 years of treatment on WB watershed compared with the reference EB watershed. Tree foliar N concentrations were significantly higher in the WB after 4 years of treatment (White et al. 1999) . Consecutive sampling of tree foliage reported by Elvir et al. (2005) and this study and sampling of forest floor vegetation (Kenlan 2006 ) and sapling foliage (Bethers et al. 2009 ) have consistently confirmed that the N+S addition treatment has induced significant foliar N increases.
On the other hand, these same foliar studies conducted at the BBWM suggest that overall base cation availability for plant uptake has declined in the treated watershed, consistent with soil base cation depletion at the treated WB reported by Fernandez et al. (1999 Fernandez et al. ( , 2003 , Jefts et al. (2004) , and recently by SanClements (2008) . Foliar chemistry shows that Ca and Mg have declined in mosses (Weber and Wiersma 1997) , red spruce and American beech trees (Elvir et al. 2005 and this study), sugar maple seedlings and U. sessilifolia (Kenlan 2006) , and sugar maple saplings (Bethers et al. 2009 ) in the treated watershed.
In contrast, foliar Ca and Mg concentrations were similar between watersheds for sugar maple trees. Kolb and McCormick (1993) indicated that foliar Ca and Mg concentrations for healthy sugar maple trees range between 5,000 and 21,900 ppm for Ca, 1,100 and 4,000 ppm for Mg, and 5,500 and 10,400 ppm for K. Foliar Ca and Mg concentrations have fallen below these ranges for seemingly healthy sugar maples at the BBWM. Foliar Ca and Mg concentrations had a severe drop from 2000 to 2002 in sugar maple in both watersheds and for foliar Ca and Mg in American beech in the WB watershed. Although time of sample collection varied among studied years (2002, 2003, and 2006 ; foliar samples were collected late July or early August, while in earlier years, samples were collected in early September), it appears to have no major effects on foliar concentrations. In a separate study on sugar maple condition at the BBWM, sugar maple foliage was sampled again in early September 2008. While these data are still being analyzed, preliminary results tend to confirm the steady decline in Ca and Mg in sugar maple foliage on both watersheds. Mclaughlin and Wimmer (1999) indicated that Ca mobility is low, making Ca uptake and distribution rate a limiting process. Schaberg et al. (2006) showed that Ca concentrations of sugar maple foliar samples collected from 14 sites over a 3-week period in Vermont ranged from 3,600 to 15,300 ppm. They recognized that time of sample collection might affect concentrations and they suggested that differences among sites were more strongly explained by soil Ca availability where sites richer in soil Ca had higher foliar Ca concentrations. Also, Horsley et al. (2000) reported that foliar Mg concentrations below ∼700 ppm were associated with declining sugar maple stands.
The foliar Ca and Mg data at the Bear Brook site suggest that sugar maple may have experienced shortages in Ca and Mg supply in both EB and WB, yet no differences between the treated and reference watersheds were found. Results, however, showed that the treatment has increased N availability, reflected in higher foliar N concentrations in sugar maple trees growing in the treated watershed. The decline in Ca and Mg concentrations in both watersheds indicate that sugar maple, although a deep-rooted species (Godman et al. 1990 ) and growing in richer soils , is experiencing a greater depletion of exchangeable Ca and Mg in both watersheds than the other species.
Although foliar K concentrations were similar between watersheds for sugar maple, beech, and red spruce trees >10 cm DBH, foliar K concentrations in seedlings (Kenlan 2006 ) and saplings (Bethers et al. 2009 ) were higher in the treated than the reference watershed. In a recent soil chemistry study at the BBWM, SanClements (2008) showed that, although soil Ca and Mg concentrations were lower (especially at the upper soil horizons for hardwoods) at the WB compared with EB, soil K concentrations in the hardwood stands were similar between watersheds. The lower soil Ca and Mg and no detectable changes in soil K in WB suggest that roots at the upper soil level might uptake more K passively as Ca and Mg become less available. While no clear effect of the treatment was detected for the other foliar nutrients in trees, results for seedlings and saplings suggest that foliar P, Al, and Fe have increased at WB, consistent with results reported by SanClements (2008) that soil Al and Fe, and possibly soil P, increased in the upper soil levels at WB.
Mature sugar maple photosynthetic rates were higher in 2002 and 2003 in WB than in EB, but no differences were detected for photosynthetic rates of red spruce and American beech between watersheds (Elvir et al. 2006) . They suggested that net photosynthesis of American beech and red spruce in the treated watershed was limited by Ca and Mg, despite the higher foliar N concentrations in these species. The findings of Elvir et al. (2006) suggest that higher foliar N in sugar maple trees in the treated watershed and similar foliar Ca and Mg concentrations between trees in the treated and reference watershed gave a physiological advantage to the sugar maple trees in the treated watershed and hence the increased photosynthetic rates. Consistently, Bethers et al. (2009) showed that sugar maple saplings had higher foliar N but lower Ca and Mg in the treated watershed than those in the reference watershed, with sapling photosynthetic rates being similar between treated and reference watersheds. Bethers et al. (2009) also showed that sugar maple saplings had lower photosynthetic capacity, carboxylation capacity, and electron transport in the treated watershed compared to the reference, which suggests that foliar nutrient imbalances may be affecting physiological processes of sugar maple.
Chronic N and S deposition has the potential to alter biotic communities and the functioning of terrestrial ecosystems. Evidence of the effects on the vegetation of the (NH 4 ) 2 SO 4 treatment applied to the WB included changes in foliar chemistry, radial growth, and physiological processes. The N+S addition treatment has altered soil nutrient availability which was reflected in higher foliar N. However, lower foliar Ca and Mg concentrations of some tree species in the N+S addition watershed may indicate that nutrient imbalances have developed for these species. Those altered nutrient concentrations and higher foliar Al and Fe concentrations especially for saplings and ground flora have lowered photosynthetic capacity, carboxylation capacity, and electron transport in sugar maple. The initial increase in sugar maple radial growth appears to be a result of higher N availability and the ability of those tree species to uptake Ca and Mg from lower soil levels. However, as the soil acidification progressed, the stimulus of elevated N was countered by shortages of other nutrients causing reduction in radial growth to pretreatment level after the eighth year of treatment. There has been a decline in foliar base cations between 1993 and 2006. These trends suggest that base cation availability is decreasing through time. Evidence also suggests that forest floor vegetation would be the most affected, as base cation availability is further reduced and Al and Fe availability is increased, especially in the upper soil levels.
